Three structurally related natural flavonoids (FlOH), quercetin (Q), rutin (R) and morin (M), were investigated by cyclic voltammetry to probe their interactions with hazardous 1,4-dinitrobenzene (1,4-DNB) using a glassy carbon electrode. Scavenging of 1,4-DNB by FlOH was inferred from a positive shift in reduction potential, decrease in anodic peak current, and irreversible electrochemical behavior of 1,4-DNB on increasing the flavonoid concentration. The homogeneous bi-molecular rate constant (k 2 ) was determined using the Nicholson-Shain equation and found to be higher for the dianion. Morin posed a comparatively higher k 2 value for its interaction with the 1,4-DNB electrochemical system owing to its more acidic nature and least intramolecular hydrogen bonding. The cyclic voltammetric (CV) results were further supported by HyperchemPM3 quantum mechanical semi-empirical calculations, which point towards E r C i interactions between flavonoids and 1,4-DNB. The present investigation is biologically significant in terms of natural flavonoidal scavenging activity toward toxins such as dinitroaromatics.
Antioxidants are compounds that scavenge free radicals from the body and reduce the damage caused by oxidative processes. Flavonoids are non-nutritive compounds of plant origin [1] , most of which possess a strong ability to act as free radical scavengers [2] [3] [4] . Such free radicals are produced in the human body during metabolic processes like oxidation and become dangerous when their concentration exceeds a threshold limit [5, 6] . As a result of overproduction they start "stealing" electrons under certain conditions and may result in the formation of harmful compounds.
Concerning their antioxidant properties, flavonoids scavenge the superoxide radical anion, hydroxyl, peroxyl, alkoxyl, and nitrogen oxide radicals in addition to non-radical oxygen species, such as singlet oxygen, and even inorganic electrophilic radicals [7] . Flavonoids display a variety of biological and pharmacological activities, such as antioxidant, anti-inflammatory, antiviral, antimicrobial, antifungal, antiplatelet, anticancer and antitumor activity, and give cardiovascular protection [8] [9] [10] [11] . Several biological effects of flavonoids are related to their radical scavenging properties [12] [13] [14] [15] [16] [17] . Consumption of flavonoid-rich food is inversely correlated with the risk of coronary heart disease, hence contributing a so-called chemo-preventive effect [18] .
There is mounting evidence that the catechol type ring-B in the flavonoids is the antioxidant active moiety [20] . The antioxidant activity of flavonoids depends on the reactivity of the hydroxyl substituents in the hydrogen atom abstraction reactions by oxidants, as shown by Yang and his colleagues [19] . In a scavenging reaction, the flavonoid donates a hydrogen atom either to a free radical or to another oxidant.
Nitroaromatics and dinitroaromatics, including 1,4-DNB, are hazardous environmental electrophilic toxins and can cause several harmful diseases, including neural disorder and cancer [21, 22] . 1,4-DNB is very toxic to aquatic organisms and may cause long-term damage to the environment [23] .
In various studies, the electrochemical properties of antioxidants have been investigated in relation to their antioxidant/radical scavenging activity, metal ion chelation, and interactions with DNA, using cyclic voltammetric techniques [1, 19, 20, [24] [25] [26] [27] [28] [29] . The present cyclic voltammetric (CV) study was carried out in order to understand the interactions of three structurally related natural flavonoids, i.e., quercetin (Q), rutin (R) and morin (M) towards the anion radical and dianion of 1,4-DNB. Since electrochemical interactional mechanisms can be envisaged similar to those occurring in the biological systems, i.e., breaking of the OH bond [25] , CV can yield useful information regarding antioxidant-1,4-DNB interactions.
Voltammetric findings of FlOH-DNB interactions at glassy carbon electrode:
Cyclic voltammetric experiments were carried out in two aprotic solvents i.e., DMF and DMSO. Cyclic voltammograms recorded in the potential range of -2.0V to +1.5V showed irreversible oxidation peaks for quercetin (E p a = +0.833V and +0.633V in DMF and +0.833V and +0.500V in DMSO), rutin (E p a = +0.783V in DMF and +0.733V in DMSO) and morin (E p a = +0.600V in DMF, +0.583V in DMSO). No cathodic peak appeared for flavonoids within the potential range of 0 to -1.5V, where 1,4-DNB showed reversible redox peaks.
Both, the anion radical and the dianion of 1,4-DNB are stable in aprotic solvents and hence allow cyclic voltammetric studies of the flavonoid-DNB interactions. Reproducibility of the cyclic voltammograms of the DNB/DNB •− and the DNB •− /DNB 2− systems is excellent in both, DMF and DMSO. Uncertainty in the measurements of peak potentials is, however, within the range of 0.001V to 0.005V. Voltammetric responses of 1,4-DNB in the presence of antioxidant flavonoids in DMF and DMSO solvents are shown in Figure 1 .
The observed trends in the voltammetric responses for the interactions of quercetin and rutin with the anion radical and the dianion of 1,4-DNB are more or less similar. The reduction peak current increases with a gradual decrease in oxidation peak current, and no significant change in the first reduction peak potential is observed. A new oxidation peak, however, appears after the addition of an initial concentration (0.5 mM) of quercetin and rutin at -0.233V and -0.250V in DMF, respectively, and at -0.200V in DMSO. Appearance of the new oxidation peak, as well as absence of a return peak indicates that an irreversible reaction may be initiated by proton transfer from quercetin and rutin to the radical anion of 1,4-DNB.
A positive shift in the first reduction peak potential of 1,4-DNB, i.e., E p c = -0.425V in DMF and -0.483V in DMSO, was observed with morin only (Figure 1b and 1d ). This positive shift may be attributed to the more acidic nature of morin (pK a = 3.46) and hence to ease of transfer of a proton to the anion radical of 1,4-DNB as compared with either quercetin (pK a = 6.74) or rutin (pK a = 7.1). Appearance of a new oxidation peak at -0.283V in DMF and 0.233V in DMSO, together with the positive shifting of the reduction peak potential and irreversibility in the DNB/DNB •− system at initial concentrations of morin indicate a fast protonation reaction between morin and the 1,4-DNB radical anion [30] . The positional effect of the hydroxyl groups on the B-ring of flavonoids further lends support to the protonation. -Hydroxyls in morin restrict the possibility of intramolecular hydrogen bonding and render it more reactive as compared with quercetin and rutin, which have OH groups in ortho-positions. Although the mechanism of action of all three flavonoids towards the 1,4-DNB anion radical is similar, i.e., a proton transfer reaction, the presence of -hydroxyls in the phenolic functionality in morin influences the stability of the initially formed radical anion in comparison with quercetin and rutin.
In the case of dianion interaction with the three flavonoids investigated, a positive shift in the second reduction peak is observed with considerable decrease in oxidation peak current ( Figure 1 ). In DMF, the second reduction peak merges with the first and appears on the top of it at the higher concentration (i.e., 10 mM) of quercetin, rutin and morin (Figure 1a and 1b). The first reduction peak is relatively broader and shows a considerable increase in peak height. The observed shift of the second reduction peak together with irreversible peak profile is a consequence of strong interactions of the flavonoids with the dianion. Since the peak separation between the first and the second reduction peaks of 1,4-DNB is smaller, the positive shift in the second reduction peak at higher concentrations of flavonoid has led to its merging with the first reduction peak. In DMSO, however, merging of the two peaks was not observed with quercetin and rutin and the second reduction peak only shifted towards less negative potential, E p c = -0.766V, E p c = -0.783V) with accompanying complete irreversibility (Figure 1c ). At 10 mM concentration of morin, the second reduction peak merged with the first in DMSO as well, as a consequence of a greater positive shift in the second reduction peak (Figure 1d ). Irreversibility of both DNB/DNB •− and DNB •− /DNB 2− systems was found to depend on the concentration of flavonoids.
A third reversible reduction peak appeared at more negative potential than that of pure 1,4-DNB dianion, indicating the formation of some new electroactive species in the medium. Irreversibility observed for new electroactive species with the addition of higher concentration of quercetin, rutin and morin also points to their interactions with the 1,4-DNB system (1 mM) and may be attributed to their enhanced interactive properties.
Reaction mechanistic path for flavonoidDNB •− or DNB 2− interaction: Through CV responses, an E r C i (reversible electron transfer in pure DNB redox systems, followed by irreversible chemical reaction in the presence of FlOH) mechanism is proposed for the interaction between flavonoids and the 1,4-DNB system. The first step is the formation of an anion radical and dianion of 1,4-DNB through consecutive one-step reversible electrochemical processes, Eq. (1):
where k f is a pseudo first order rate constant. In the second step, an irreversible chemical reaction occurs via transfer of a proton from the reactive entity of flavonoid to the 1,4-DNB anion radical and dianion. 
Here, k 2 is a second order rate constant in Eq. 2 and 3. As reported earlier [31] , the mechanism for the interaction of flavonoids with the superoxide anion radical involves a strenuous abstraction of a proton and a hydrogen atom from the o-hydroxyls present on ring B. In the present study, a similar mechanism seems to operate and the plausible route followed in the interaction process may be the proton transfer and hydrogen atom abstraction from the reactive moieties of flavonoids to the DNB/DNB •− and DNB •− /DNB 2− systems.
Determination of bi-molecular rate constants: Voltammetric responses of 1,4-DNB in the presence of quercetin, rutin and morin indicate that these flavonoids interact with the 1,4-DNB anion radical and dianion via protonation kinetics. The reaction is a homogeneous bi-molecular process, in which protonation of the dianion occurs much faster when compared with the anion radical. This stronger interaction is manifested in the observed large positive shift in the second reduction peak and associated irreversibility, although the concentration of the dianion may be generally smaller through disproportionation equilibrium [32] .
The Nicholson and Shain method {Eq. (4)} [33] , was used to calculate k f values for the formation of the anion radical and the dianion of 1,4-DNB in the presence of flavonoids.
where a = nFυ/RT, υ is scan rate (100 mV s -1 ), E 1/2 is the half wave potential of the 1,4-DNB anion radical and dianion, T is temperature and R, n, and F have the usual significance. The values of E 1/2 calculated from the first reduction wave are -0.550V (in DMF) and -0.500V (in DMSO), while E 1/2 values for the second reduction wave are -0.833V and -0.783V in DMF and DMSO, respectively. E p is the peak potential corresponding to the addition of a higher concentration of the flavonoids. The measured E p values for the first reduction on addition of 10 mM quercetin, rutin and morin, respectively, into 1mM 1,4-DNB, are -0.583V, -0.566V, -0.425V in DMF, and -0.566V, -0.566V, -0.483V in DMSO. As the second reduction peak becomes merged with the first reduction peak, E p values for the second reduction process could be measured similar to the first reduction peak for all flavonoids in DMF and for morin in DMSO, as well. For quercetin and rutin in DMSO, however, E p values were found as -0.766V and -0.783V, respectively. The observed E p and E 1/2 values have an uncertainty of ±0.005V. The bimolecular rate constant, k 2 (M -1 s -1 ) was predictable from Eq. (5):
[FlOH] is the concentration of flavonoid which was present in large excess (10 mM) in order to obtain pseudo first order conditions. The values of rate constants k 2 for the anion radical and the dianion interaction with flavonoids are presented in Table 1 . Larger k 2 values were obtained for the FlOHDNB system in DMF as compared with those in DMSO. The overall order for the rate constant for FlOH1,4-DNB •− and FlOH1,4-DNB 2− interactions in DMF and DMSO are more or less similar, i.e. M > R > Q.
The rate constant calculated for the protonation of 1,4-DNB anion radical is much higher with morin in both the solvents as compared with that for rutin and quercetin. The higher k 2 value for morin implies its stronger interaction with 1,4-DNB •− , as is evident from an observed greater positive shift in the first reduction peak potential and irreversibility of the DNB/DNB •− system. The positive shift in first reduction peak is concentration dependent and at 10 mM morin, its magnitude was calculated as -0.158V in DMF and -0.050 V in DMSO. The calculated value of rate constant for morin is five orders of magnitude higher in DMF and two orders of magnitude higher in DMSO as compared with those for quercetin and rutin. Hence a positive shift in the reduction peak, together with complete irreversibility and a higher rate constant, suggest a stronger interaction of morin with the anion radical of 1,4-DNB via protonation. The rate constants evaluated for quercetin and rutin have a similar order of magnitude and lower k 2 values in comparison with that for morin, which emphasizes their weaker interaction with the 1,4-DNB anion radical.
Proton abstraction by the dianion from flavonoids is found to be much faster, as indicated by the magnitude of k 2 values for the interaction of 1,4-DNB 2with the flavonoids in both the solvents ( Table 1 ). The faster protonation EC mechanism may result in a greater positive shift in the second reduction peak and higher values of k 2 (Figure 2 ). It may possibly be predicted from a large rate constant that a species like the 1,4-DNB dianion undergoing this type of interaction may transfer an electron easily [32] . The observed shape of the voltammograms with regard to a positive shift in the reduction peak with the associated irreversibility (along with merging with the first reduction peak) however, demonstrates that an interaction of the antioxidant flavonoids with the dianion is by means of a protonation reaction. In DMSO, the second reduction peak merged with the first in the case of morin, pertaining to its enhanced interaction and much higher rate constant in comparison with the other two flavonoids (see Table 1 ).
The gradual decrease in the anodic current upon addition of quercetin, rutin and morin also authenticated an interaction between flavonoids and the 1,4-DNB system [34] . The concentrationdependent scavenging of the anion radical by flavonoids in DMF and DMSO is shown in Figs. 2a and 2b. A similar trend was observed for the interaction of dianion with flavonoids. It could be seen that morin scavenged the radical anion and dianion of 1,4-DNB (Figure 2 concentrations compared with other flavonoids leading to complete irreversibility, which further ensures the stronger protonation kinetics.
The increase in reduction current has been attributed to abstraction of a proton from an antioxidant by the radical species [35, 36] . The flavonoids under study also behaved similarly and may act by protonating the radical anion or dianion under investigation, as indicated by an increment in cathodic current and simultaneous depletion in anodic current.
Since a polar medium favours electrochemical reduction [24, 37] , a relatively higher dielectric constant of DMSO (ε = 46.7) would favor such reduction of 1,4-DNB at less negative potential than in DMF (ε = 36.7), as observed in the present case. Moreover, relatively low peak current values and a smaller magnitude of the second order rate constants for the anion and dianion before and after the addition of these flavonoids in DMSO may also be attributed to its comparatively high viscosity compared with that of DMF [38] .
Hyperchem PM3 semi-empirical studies:
The high possibility of proton transfer from the hydroxyl groups of flavonoid present on ring B as observed in the CVs was further established by carrying out PM3 quantum mechanical semi-empirical calculations. The Hyperchem version 5.0 package was used to find the charges on reactive sites of three structurally related flavonoids, i.e., quercetin, rutin, morin, as well as the anion radical of 1,4-dinitrobenzene. (Figure 3) .
Conversely, the overall magnitude of the charge on the oxygen atoms of the hydroxyl groups on the reactive entity (catechol ring B) in morin (-0.325) and rutin (-0.308) is comparable but less than that in quercetin (-0.432). It is expected that both morin and rutin would show a similar rate of proton transfer to the anion radical. However, interaction of 1,4-DNB •− with morin, as evident from CV responses and higher magnitude of bi-molecular rate constants, may be attributed to the presence of hydroxyl groups in the meta position (2 / , 4 / ) in the morin molecule, which excludes intramolecular hydrogen bonding. Hence, a negligible connection between 2 / -OH and 4 / -OH may further be correlated to easier transfer of a proton from 2 / -OH. This all results in a facile (and much faster) proton transfer from morin to 1,4-DNB •− , and hence in an enhanced interaction. Procedure for electrochemical measurements: First, a blank CV was run with the solvent containing 0.1M TBABF 4 , which showed no electroactivity in the potential range of interest. Cyclic voltammograms of quercetin, rutin and morin (1mM each) were recorded separately in the potential range of -2V to +1.5V vs. Ag/AgCl. Cyclic voltammograms of 1,4-DNB (1mM) were recorded in the range of 0 to -1.5V vs. Ag/AgCl before and after the addition of different amounts of the flavonoids corresponding to final concentrations of 0.5, 1, 2, 3, 5 and 10 mM. A scan rate of 100 mV s -1 was used in all the experiments. All measurements were carried out at 28.0 ± 0.5 o C after purging the solution in the cell with argon gas (99.999%) for at least 10-15 minutes and under argon jacketing. It was observed that in the presence of 0.1M TBABF 4 and proper positioning of the electrodes, the Ohmic drop is negligible. Scanning the voltammogram to the potential just before the start of the second reduction process and reversing it back also verified irreversibility of the first reduction peak on addition of antioxidants.
